Fuel additives for automotive applications have been in use for almost as long as the automobile has existed. They provide significant benefits, both in making fuels fit for purpose and to deliver protection and performance benefits. Performance benefits can range from protection against degradation, through recovery of lost performance, all the way to enhanced engine function. This has become particularly important with the tension between increasingly stringent long emissions requirements, the encouragement of renewable biofuel content and the drive to improved engine efficiency and reduce fuel consumption. The paper discusses where performance fuel additives provide their benefits and how they are evolving to work with latest generations of fuel and engines, and provides an overview of the current and upcoming industry engine tests for fuels and their additives.
Introduction
Additives have a long history of use within automotive fuels, where they have a strong track record of providing enhanced properties and performance. Overall, they can be considered to fall into two categories: finished fuel additives and performance fuel additives. Finished fuel additives are used to help ensure the fuel is fit for purpose and in compliance with the relevant local standards, whilst performance fuel additives will help to improve the function of the engine and vehicle, and are typically used by branded fuel retailers/marketers to provide product differentiation. This paper will focus on performance fuel additives.
The types and composition of additives are affected by the fuel that they are intended for use in, the technical benefit they are expected to deliver and the physical environment in which they operate. For many years there has been a focus on removal of sulphur from mineral oil derived fuels, accompanied by control on parameters that affect the emissions performance of those fuels when used in vehicles, notably the publication European Fuel Quality Directive 98/70/EC and its subsequent amendments. More recently, with greater interest in well-to-wheel CO 2 performance, renewables derived mainly from biomass sources have become an integral part of the fuels landscape, with Renewable Energy Directive 03/30/EC having been a key driver.
Ethanol is now a widely used gasoline blend component, permitted at up to 10% within the European petrol specification EN228:2012. 1 Similarly, biodiesel at up to 7% is permitted within the diesel specification EN590:2013. 2 Modern performance fuel additives should be either validated or optimised to allow for such fuel composition variation. These biocomponents can be also used at higher levels in suitably modified vehicles, depending on local market drivers, and may require different attributes from the additive package, or in the case of very high ethanol levels such as E85, with 85% ethanol content, may require a different chemistry to allow for changes in solubility.
Vehicle manufacturers have been driven by the need to control regulated emissions, such as with the 'Emissions Directive 98/69/EC' and its amendments, and more recently by a strong drive to reduce CO 2 emissions/fuel consumption in new vehicles. Within the engines themselves, the last two decades have seen major changes (most notably the move to fuel being injected directly into the combustion chamber in both gasoline and diesel engines) accompanied by more sophisticated and higher pressure fuel injection systems. These changes are often supplemented by the growing use of forced induction, i.e. turbocharging.
Whilst the change to, and effect of, the physical location of the injector is obvious, with direct exposure to the combustion event, other aspects can be more subtle. The greatly increased specific powers of downsized engines will inevitably lead to higher localised heat loadings and more extreme temperatures, which can be coupled to changes in the duty cycles that engines undertake. This is an important consideration as temperature is a key driver of how hydrocarbons degrade in use and form undesirable products likely to cause deposits.
Much of the benefit associated with performance fuel additives derives from the control of the deposits that inevitably form in fuel and combustion systems. The above changes to engine design have therefore affected the location and type of these deposits and the temperatures at which they were formed. In consequence, the chemistry of performance fuel additives continues to evolve in response to these changes and the desire to deliver long term benefits and protection to vehicles in the market.
Fuel additives and their function
Fuel additives can affect engine and vehicle performance in a variety of ways. The most common is by the prevention or removal of deposits in areas critical to the optimum function of the engine. There are also additives intended to reduce friction and therefore mechanical losses, and others that can affect the combustion process itself, although the latter are often grouped with refinery and distribution additives as they mainly affect the octane and cetane ratings of fuels.
With the notable exceptions of octane and cetane, the performance of fuels and additives in fired engines generally takes a considerable time before having an effect, and their testing is therefore also of long duration. As these tests take both a long time and a large volume of fuel to run, they are not suitable for routine control purposes. These longer term tests are not referenced in the Committee for European Normalisation (CEN) specifications, nor are the tests defined by CEN. Instead, the European automotive, fuel and additives industries have supported the development of engine tests that would help to identify effective solutions, under the auspices of the CEC (Coordinating European Council for the Development of Performance Tests for Fuels, Lubricants and Other Fluids). The list of currently supported CEC engine tests for fuels is shown in Table 1 .
Gasoline deposit control additives
As deposits form, they affect how the fuel is presented for combustion. In the case of gasoline engines, whilst long recognised as undesirable, deposits became a significant issue in the 1980s when they formed on the back of the inlet valves in port fuel injected engines and on the injectors themselves. These deposits prevented the fuel evaporating in the expected manner and caused significant issues with how vehicles drove, owners reported jerky operation with 'sags' and 'surges' being felt during changes in throttle position. Such issues were encompassed by the term 'driveability', and are due to the engine running unexpectedly lean or rich during these throttle changes. These lean or rich excursions lead to incomplete combustion and even misfires. In addition to the obvious impact on the driver, the incompletely combusted gases would make their way to the tailpipe and cause significantly increased emissions. That same loss of effective combustion would also show up as increased fuel consumption.
Deposit control additives (often incorrectly referred to as detergents) are an effective way to address these problems. Gasoline deposit control additives are surface active compounds containing polar head groups attached to one or more hydrocarbon tails. The polar heads are the functional group of the additive and are normally nitrogen-containing amines that adhere to the metal surfaces and deposit precursors within the engine. The hydrocarbon tail, typically a long chain polybutylene, provides solubility in hydrocarbon fuel, allowing dispersion of the deposit precursors. This brief description understates the myriad chemistry variations that 4 the M102E is still widely used, even though the design is now more than three decades old, partly in recognition that whilst new cars may become more advanced, existing cars remain in service for many years and their needs must continue to be satisfied.
The official versions of these tests are used to show the ability of additives to prevent the formation of deposits by removing and weighing initially clean valves before and after running the test engine for 60 hours. This allows for comparison of deposits formed using just base fuel versus fuel treated with additive. However, the test procedures can also be modified to show how effective additives are at removing existing deposits.
Using a similar approach to deposits in the engines of vehicles in the field, it is possible to show both the ability of the additive to remove deposits and the effect that removal has. Figure 1 gives an example of the reduction in exhaust emissions that can follow the application of a deposit control additive to remove existing intake valve and other deposits. In this case, a Ford Fiesta 1.4 litre four cylinder port fuel injected passenger car has been tested using the New European Drive Cycle (NEDC, also known as MVEG-B) before and after clean-up using such an additive. By the simple expedient of enabling the engine to operate with fewer deposits and therefore closer to design intent, there is a useful reduction in all the regulated emissions.
Due to the above mentioned well publicised issues with driveability and the concerns highlighted by vehicle manufacturers at the time, many consumers became aware of the need for deposit control additives. This led to the widespread adoption of effective fuel additives in many markets, and the field issues mentioned above largely disappeared. The high expectations of the European consumer, the fiercely competitive nature of the fuels market and the broad appreciation that good quality fuels will help to provide satisfactory long term function of automobiles has ensured that the European market enjoys some of the highest fuel performance additive use in the world.
Whilst not related to vehicle performance, another gasoline engine test was also introduced alongside the M102E and subsequent M111 tests. This test, CEC F-16-96, is generally known as the Wasserboxer, using the 1.9 litre water cooled flat-four engine from the VW Transporter of that period. 5 It was recognised that engine design was particularly susceptible to fuel/fuel additive getting into the clearance between the valve stem and guide. Under the right circumstances, this could leave a sticky viscous residue that could lead to the valves sticking open when attempting to start the engine. In this case, the test is a 'no-harm' demonstration, allowing the fuel and additive suppliers to develop products that avoid such issues.
Whilst the testing demands of port fuel injected engines were, and remain, largely satisfied, engines have evolved with the introduction of direct injection spark ignition (DISI), also sometimes referred to as gasoline direct injection (GDI). In these engines, the ability to deliver fuel directly to the combustion chamber gives opportunities for efficiency improvements both by enabling better knock resistance and higher compression ratios, and by the potential for alternative approaches such as charge stratification. These engines are particularly well suited for forced induction, and have been a key part of the recent trend for downsizing where smaller, lighter, more efficient engines are used without the lower power normally associated with small engines. However, by moving to direct injection, the quality of the fuel-air mixture as presented for combustion is almost totally controlled by the condition of the fuel injector, and in particular the presence or absence of deposits in and on this critical component. In recognition of this, additive producers such as Afton Chemical have developed their own bespoke procedures to help investigate and demonstrate control on deposits, such as discussed by DuMont et al. 6 That procedure is typical of most DISI fuel and additive test cycles, being of relatively low load and speed, and well within the realm of normal vehicle operation (Figure 2 ).
In the DuMont paper, long term fuel trim (LTFT) was found to be a good surrogate for injector flow loss and could be readily measured via the on-board diagnostics (OBD) port. Figure 3 shows the effect of different additive types on injector flow loss. Using the above described cycle for a distance of 3200 kilometres, two additive types were tested in a General Motors 2.0 litre four cylinder DISI engine vehicle. The first was an older generation PFI additive not designed for DISI application, the second was a current generation product intended for application in both DISI and earlier engines. The base fuel gave 9% LTFT increase at the end of test.
Repeating with the older generation additive showed little improvement, whereas the additive designed for both PFI and DISI engines provided the protection required, with negligible flow loss at the end of test. Figure 4 shows internal views of nozzle holes in a DISI injector, used with a severe deposit forming base fuel, tested in the above engine and cycle. Figure 5 shows the results of testing with that same severe fuel, but this time using an effective deposit control additive. The difference in the deposits formed within the nozzle holes is obvious and significant, reflecting the 28.1% LTFT without additive compared to only 3.9% with the additised fuel.
With legislation driving progressively more stringent and longer lasting emissions controls, it has been noted in papers such as Wen et al. 7 that DISI engines can suffer from increased exhaust particulates as deposits form. Coupled to reports of in-service issues due to injector flow loss, the pressure for an industry standard test has been growing. At the time of writing, new industry engine tests are being developed by the CEC for Europe, and being considered for North America.
The CEC test has already been given a development designation of TDG-F-113 DISI Injector Fouling Test and will use the Volkswagen Golf 1.4 litre TSI EA111 engine. It is expected to be available to industry in late 2018. 8 When these tests are finally released, it can be confidently predicted that additive manufacturers will be working to ensure that they have products capable of performing in those tests, and that fuel suppliers will swiftly move to ensure that such additives are being specified for their products. Efforts to understand this new test can already be seen in recent publications such as the joint SGS-Afton paper by Weissenberger and Pilbeam. 9 
Diesel deposit control additives
The need to maintain diesel injector cleanliness has been recognised for many years, and has generally focused on the effect of nozzle coking, i.e. deposits forming in the hole through which fuel is sprayed into the combustion chamber. However, over recent years, deposits forming inside the injectors have also become a significant issue as they may interfere with mechanical function. Being able to address both of these problems has become a necessity in modern diesel performance additives.
Similar to gasoline performance additives, the deposit control elements are the core of any diesel performance additive package, along with other components such as demulsifiers and solvents. Unlike gasoline, diesel packages contain anti-foaming agents to help to control the natural tendency of diesel fuel to produce foam during refuelling. These siloxane based components help to avoid spit-back and spillage during refuelling and allow more fuel to be delivered quickly without triggering the nozzle fuel shut-off.
Diesel injector deposit control has been dominated by the use of polyisobutylene succinimide (PIBSI) chemistries for many years and, more recently, other chemistries, such as quaternary ammonium salts, have also appeared. The selection and application of deposit control chemistries is key to the additive package meeting the performance requirements of the fuel marketer and their customers.
Injector nozzle coking
The formation of coking deposits in the nozzles of diesel injectors will result in flow loss and modify the spray pattern of the fuel. Figures 6 and 7 show the deposits seen on the tip of a modern diesel injector taken from a vehicle after 15,000 km of on-road use.
If these deposits interfere with the flow of the fuel through the nozzle hole, it may cause incomplete mixing of fuel and air and inefficient combustion, and affect the ratio of fuel to the inducted air and EGR (exhaust gas recirculation) gases. This is more significant for diesel than for gasoline engines as most diesel engines do not actively monitor the fuel to air ratio and so cannot adapt to compensate. The results of uncontrolled deposit formation can include issues with driveability, power loss, increased emissions and fuel consumption, and even extend to operational failure.
Before deposit control additives became widely used in diesel fuel, engine manufacturers assumed that injector cleanliness would not be maintained, and deliberately optimised engine calibrations to account for some deposit formation. Older light-duty engines used indirect injection, where the fuel is injected into a prechamber separated by a channel from the main combustion chamber. They also used distributor pump injection systems and pintle needle injectors. These injectors are at their most efficient with some deposits present. The paper by Reading et al. 10 identified that flow retention in the range 50-75% could be the optimum for emissions from such engines. Whilst this pragmatic approach to deposit formation enabled performance and emissions to be largely acceptable, without the use of deposit control additives, such engines do continue to form deposits and eventually suffer from issues.
Controlling such deposits required the availability of an engine test, and, in a similar manner to that related earlier for gasoline, the CEC introduced test CEC F-23-01, 11 with a 1.9 litre Peugeot engine of the same basic design as that used by Reading et al. above. The test measures loss of flow through the injectors, which are removed and tested after 10 hours of relatively low load and speed operation following a prescribed cycle intended to represent city driving. It was, and remains, a key test in the specification of performance fuels additives, despite such engine designs being no longer produced.
In the late 1990s, diesel engines advanced significantly with the move to direct injection, where fuel is injected directly into the combustion chamber. There was also the introduction of common rail, where fuel is supplied at very high pressure to the injectors, which are electrically activated by the engine control unit (ECU). These two changes significantly improved the performance and efficiency of diesel engines and rapidly became the standard combustion and injection system choice in modern diesel engines. To account for change in designs and likely appetite for deposit control additives, the CEC introduced test CEC F-98-08, 12 also known as the DW10, using a 2.0 litre Peugeot direct injection common rail engine. In this test, it was recognised that the easiest way to measure flow loss was to simply run the engine at a high engine speed and under full load, and measure the power loss versus start of test (Figure 8 ). Due to the lack of injection adaption, power loss at this test point is directly proportional to the flow loss through the injector and therefore easy to measure.
CEC F-98-08 uses a cycle derived from those used by several original equipment manufacturers (OEMs) to verify that their engines and injectors are robust against the formation of nozzle deposits. The cycle itself has a run time of 60 minutes, which is repeated eight times before the engine is stopped and allowed to 'soak' for four hours. The engine is then restarted and the eight running hours repeated. After four such periods of operation, the power loss versus start of test is assessed.
The cycle itself is very severe, with 58% of the run time being at full load. However, unlike the earlier CEC F-23-01 (XUD9) test, and in spite of the test cycle severity discussed by Hawthorne et al., 13 it proved difficult to reliably produce deposits and flow loss using conventional fuels in a timely manner. Some biodiesel blends showed power loss, but not consistently, whilst mineral diesel rarely showed any loss within the relatively short 32-hour test duration, and this despite the greater injector tip temperatures, going from around 160 o C in the XUD9 to 260 o C in the DW10. To provide a relatively rapid deposit formation in this industry test, 1 ppm zinc, as zinc neodecanoate, was added to the fuel and this repeatedly gives around 5% power loss by test end, exceeding the 2% that the OEMs state is the maximum loss that a good quality fuel should allow. It should also be noted that this power loss is achieved by the use of special deposit sensitive injectors that would not be considered robust for serial production. Figures 9 and 10 show the typical 5% power loss seen after 32 hours, with a mineral diesel and a 10% biodiesel blend respectively, both cases using 1 ppm zinc addition. For both of these fuels, it can be seen that, when the test was repeated, an effective deposit control additive was able to prevent power loss.
Going beyond the standard CEC DW10 procedure, it is possible to modify the test to show the clean-up performance of an additive package. Figure 11 shows the typical rapid power recovery associated with the latest generations of additives designed to give excellent performance in this modified test.
Whilst the approach of adding zinc neodecanoate does provide power loss in the short time preferred for such industry tests, there are concerns that the chemistry of the deposits formed with this dopant may not be representative of injectors from the field. As was shown by Ikemoto et al., 14 the resulting deposits are substantially derived from the zinc addition. It is therefore possible that the additive chemistries to best address this test may not give protection or performance in the real world, where deposits tend to be carbonaceous.
Internal diesel injector deposits (IDID)
As the newer common rail injection systems, and the fuels they handled, continued to evolve, from around 2005 there were indications that a new type of injector failure mode was appearing. Reports grew that the needles and control valves in some injectors were sticking, until, in 2009, it was recognised that a major field issue had developed in several European markets and further afield.
It was found that deposits were forming on internal surfaces within the injectors and in areas of tight clearances were interfering with the movement of those components. This interference translated into a range of problems including power loss, starting issues, rough running, increased emissions and sluggish acceleration, all very apparent to the vehicle operator, and often well within the manufacturer's warranty period. The deposits were identified as being of two main types: the most prevalent one was a white and tan crystalline deposit, as shown in Figure 12 , and the other was an orange 'lacquer'.
A paper by Ullmann et al. 15 postulated several mechanisms, whilst sodium carboxylate deposits and their likely source were specifically identified by Schwab et al. 16 as being the white and tan crystalline deposits, which was verified using a proprietary engine test. The Schwab et al. paper established that root causes included the reaction between certain corrosion inhibitors being used by pipeline operators and the sodium contamination that is almost ubiquitous when handling fuel. Galante-Fox et al. 17 subsequently identified te orange lacquer type deposits as being based on organic amides, with certain deposit control additives being implicated. However, in both cases fuel solubility of the material being deposited was also seen as a key factor. This helps to explain why the problems had not been anticipated during the development of the newer injector designs: fuel quality was evolving at the same time and leading to reduced content of fuel components with good solvency such as aromatics.
In recognition of this major field issue, a task force was initiated, under the auspices of CEN, that successfully encouraged the removal of the corrosion inhibitors from pipeline distribution systems and later published a technical report on the issue, CEN/TR 16680:2014. 18 To help prevent further issues and to ensure fuels and additives would be fit for purpose regarding IDID, the CEC also initiated the development of a new engine test. The new test, CEC F-110-16, 19 was published in May 2016 and used the latest Peugeot-Citroen DW10C engine. CEC F-110-16 follows an even more severe cycle than that used in CEC F-98-08, in this case spending 83% of engine running time at full load.
The engine run cycle lasts for 60 minutes and is repeated six times before the engine is stopped and allowed to 'soak' for eight hours. The engine is then restarted and the six running hours and eight hour soak is repeated. The restart performance of the engine after each 'soak' period is the measure of test performance. Five periods of engine operation will be undertaken within the full test. Comparison of the two DW10 diesel tests is shown in Table 2 .
Due to the high profile nature of the injector internal deposits field problem, widespread understanding of the underlying issues ensured that fuel additives were already being produced that would provide good performance in this new test. In the test, parameters such as ability to start and differences in combustion between cylinders are assessed to provide a measure of performance. Figure 13 shows the differences between the individual exhaust port gas temperatures Figure 13 . Exhaust port temperature variation due to IDID. immediately after starting for a failing fuel before and after additive treatment, in this case using the earlier DW10B engine and test cycle (see Figure 8 ), which can also be used to demonstrate such performance. Figure 13A shows the test beginning, with all exhaust temperatures very similar. Figure 13B shows the temperatures deviating significantly within three hours. Figure 13C shows the effect of use of a nozzle coking control additive without IDID performance after eight hours, whilst Figure 13F shows the effect of another eight hours, but this time using an IDID effective additive.
It should be noted that some deposit control additives may not successfully address this issue, and may even exacerbate matters, which is leading to significant use of this test as an additive 'no-harm' demonstration, much like the Intake Valve Stick test for gasoline additives. Ensuring that fuel additives will work in this test is therefore a key evolution and will inevitably have an impact on their composition.
Filter blocking tendency
The most recent fuel related field issues have been due to vehicle fuel filters becoming blocked during cool weather. However, this issue should not be confused with cold operability, where cold conditions can cause the wax forming portion of the fuel to plug the fuel system, which for many years has been successfully addressed by the Cold Filter Plugging Point test. Instead, filter blocking is more associated with contaminants in the fuel, mostly in the presence of fatty acid methyl esters (FAME; biodiesel). Several papers have documented this issue, notably by Fersner et al., 20 and have identified the issue as most typically arising from saturated mono-glycerides in the FAME, although other contaminants can also play a role. Using a modified version of the IP387 Filter Blocking Tendency (FBT), where the time and pressure needed to pass a sample of fuel though a filter is measured, it was possible to identify that the FAME feedstock can have a significant impact on the issue (Figure 14) and also show that the dispersants used in performance fuel additives can provide a significant level of protection.
CEN have published Technical Report PD CEN/ TR16982:2016, 21 which reviewed the status of the problem and collated best knowledge on the subject as reported to a CEN workshop held in London in 2015. At the time of writing, the field problems continue.
Friction reduction
Additives to reduce friction and wear in the fuel system are widely used in diesel fuel, where they provide lubrication to protect vehicle fuel pumps and injectors from wear. The requirement for a diesel fuel to avoid unnecessary wear is included in the EN590 specification. As such, this is generally controlled before release of the fuel from the refinery. The primary measurement for lubricity is a reduction in scarring for two test elements that are rubbed together in a sample of the fuel, but the friction coefficient can also be measured. The injection pump on diesel engines is mechanically driven and does consume considerable power, but whilst there is a theoretical reduction in friction from such additives, it is not considered significant enough to provide a fuel efficiency benefit.
Friction modifiers are similar in chemistry and function to lubricity improvers, but are generally targeted at gasoline fuels and more particularly at providing a performance benefit. Friction modifiers are transferred by fuel wetting into the lubricating oil layer on the cylinder walls. The friction between the piston and rings and the cylinder walls is one of the more significant sources of parasitic losses within an engine. A reduction in friction in this area will translate into a measurable improvement in engine efficiency, improving both fuel consumption and power whilst offering enhanced wear protection. The benefits can also spread beyond the cylinder area, with the friction improved oil layer being gradually moved into the bulk oil in the sump and eventually acting on other areas of friction such as the valvetrain. Papers such as that by Hayden 22 describe the mechanism in more depth. The level of overall benefit will be determined by a combination of the fuel additive chemistry, the condition of the engine and how fuel and oil interact within it, and by the engine oil characteristics. Diesel engines do not have the same level of cylinder wall wetting, and it is recognised that the potential fuel efficiency benefits are negligible.
Additive contribution to fuel efficiency and emissions
The emissions and fuel efficiency benefits attributable to the use of performance fuel additives are significantly affected by a variety of external factors. If a high performing fuel additive is used from the start of the vehicle life, the effect is one of loss avoided, and can only be established by comparison with a vehicle that is identical except for the use of the additive. More commonly, and in some ways easier to measure, the approach is to take a vehicle from the field, treat it with additive and Figure 14 . Filter blocking tendency for 10% FAME plus saturated mono-glycerides -effect of different FAME types and effect of performance additive.
then establish the improvement. However, the response will vary depending on the vehicle and engine type, the age and mileage of the vehicle and its fuelling history. Depending on these factors, the benefits could range from measurable to insignificant, but as the underlying effect of the additive is to recover the engine towards the 'as designed' optimum state, the trend will be positive.
Conclusions and future trends
Fuel additives to enhance performance and protect against the consequences of combustion have been in use almost as long as the automobile engine. Fuels will continue to evolve, with increasingly tight controls on the quality of the mineral base fuel, whilst novel approaches to making more of the barrel useful as a fuel, and the increasing use of new, renewable fuel streams, will provide challenges.
At the same time, the search for lower emissions and greater efficiency is driving mechanical changes in engines and vehicles. Higher temperatures and pressures, coupled to changes to traditional duty cycles, are all likely to impact on the fuel being handled within the fuel and combustion systems. Such effects will inevitably cause deposit chemistry and morphology to change.
All of these factors will drive further evolution of fuel deposit control additives. However, it is also necessary that the packages containing these additives still function in earlier engine designs, an important consideration for both additive suppliers and their customers.
As engines and fuels evolve, having relevant industry engine tests helps to ensure that the additive industry is able to provide the necessary products to support those technologies. Recently introduced tests, such as the DW10C test for IDID and the upcoming VW DISI test, are receiving strong support from the additives industry. Conversely, consumer pull and the drive of fuel marketers to offer differentiated products continues to encourage the additive industry to develop novel and meaningful ways to address these evolving needs ahead of such industry tests being introduced.
Having products that address identified OEM, fuel marketer and consumer needs is critical to the long term sustainability of the fuel additives business, whilst fuel additives themselves will continue to help OEMs in the battle against the deposit based loss of performance and efficiency that all engines eventually suffer from.
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